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Bidirectional mixing in an ACE 1 marine boundary
layer overlain by a second turbulent layer
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Abstract. In the Lagrangian B flights of the First Aerosol Characterization
Experiment (ACE 1), the chemistry and dynamics of the postfrontal air mass were
characterized by tracking a constant-level balloon launched into the air mass for
three consecutive 8-hour flights of the instrumented National Center for Atmospheric
Research C-130 aircraft during a 33-hour period. The boundary layer extended to
a height of 400 to 700 m during this period, with its top defined by changes in
the amount of turbulent mixing measured rather than by an inversion. Above the
planetary boundary layer to a height of 1400 to 1900 m, a second layer was capped
with a more pronounced temperature inversion and contained only intermittent
turbulence. Since this layer served as a reservoir and mixing zone for boundary
layer and free tropospheric air, we have called it a buffer layer to emphasize its
differences from previous concepts of a residual or intermediate layer. Estimates of
the entrainment rate of dimethyl sulfide (DMS) and aerosol particles between the
boundary layer and the buffer layer demonstrated that exchange occurred across
the interface between these two layers in both upward and downward directions.
In situ measurements of aerosol particles revealed highly concentrated, nucleation-
mode aerosol particles between 10 and 30 nm diameter at the beginning of the first
Lagrangian B flight in the buffer layer , while few were present in the boundary layer.
Observations during the second and third flights indicate that aerosol particles of
this size were mixing downward into the boundary layer from the buffer layer while
DMS was transported upward. This fortuitous enhancement of aerosol particles in
the buffer layer allowed simultaneous use of DMS and aerosol particle budgets to
track the bidirectional entrainment rates. These estimates were compared to those
from measurements of mean vertical motion and boundary layer growth rate, and
from estimates of the fluxes and changes in concentration across the layer interface.
In addition, three different techniques were used to estimate DMS emission rates
from the ocean surface and showed good agreement: (1) evalulation of the DMS
and aerosol mean concentration budgets, (2) seawater DMS concentrations and an
air-sea exchange velocity, and (3) the mixed-layer gradient technique.
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In the past, studies of convective planetary bound-
ary layer (PBL) structure have been limited mostly to
cases where the PBL grows by entraining fluid from an
overlying nonturbulent layer into the turbulent PBL by
eddies that impinge on the stable interface and incorpo-
rate fluid into the PBL. The PBL is perceived as being
well-mixed (thus giving rise to the label “mixed layer”)
for the region between the surface layer and the capping
inversion. This concept has been extended to PBLs
with cumulus clouds forming near the top where the la-
tent heat released from condensation allows the newly
formed clouds to penetrate the stable interface at the
top and transport fluid from the PBL into the overlying
layer [Cotton et al., 1995]. By this so-called cloud vent-
ing process, a transition layer develops which has prop-
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erties intermediate between the PBL and the overlying
free troposphere—a lapse rate that is often close to wet
adiabatic and profiles of variables that change roughly
linearly between PBL values and free-tropospheric val-
ues. The daytime PBL over land often seems to follow
the scenario of a cumulus cloud transition layer above a
well-mixed layer, which late in the day as the convective
forcing disappears, forms a “residual layer” which is no
longer mixed by cumulus but retains the properties that
cumulus mixing has generated during the middle of the
day.

Over the ocean, diurnal effects are minimal, and fair-
weather cumulus mixing may continue over an extended
time with a steady state or slowly varying cloud-mixed
transition layer. The upward mixing of water by cumu-
lus convection may be roughly balanced by generally
subsiding flow and by mixing of drier air from above
through the turbulence generated by the cumulus con-
vection. This type of PBL—cloud layer structure has
been documented, for example, by Albrecht [1979].

Here we document a marine PBL that has an added
level of complexity, which, as far as we know, has not
been described previously in the literature. We discuss
a case study in which mixing occurs in a layer overlying
the classically defined PBL by both clouds and clear-air
turbulence. This two-layered structure is characterized
by a turbulent lower boundary layer which extends up
to 400 to 700 m and is initially clear but later capped
with scattered to broken cumulus and stratocumulus
clouds; and above this layer a less-well-mixed layer that
contains a lower level of intermittent turbulence. This
second layer extends up to a capping inversion at about
1400 to 1900 m. Within this layer we see evidence of the
reduced mixing in a more laminated vertical structure.
Thus this layer does not seem to contain turbulent ed-
dies that extend throughout its depth, as in the PBL,
but rather often contains several sublayers with only
intermittent coupling by turbulence between them. A
layer of clouds often exists at the top of this second
layer, and occasional clouds exist as well at other lev-
els within this layer. Initially, the source of turbulence
in the lower layer is primarily surface buoyancy flux.
Later, as the air passes over cooler water, the buoyancy
flux disappears, but the mean horizontal wind increases
so that then the primary source of turbulence is shear.
The source of turbulence in the second layer is likely
a combination of wind shear and, later when clouds
formed, penetrating cumulus convection from the PBL.

This two-layered structure is documented using mea-
surements from the National Center for Atmospheric
Research (NCAR) C-130 aircraft from the First Aerosol
Characterization Experiment (ACE 1) over the ocean
south of Australia in November and December 1995.
A set of three flights was conducted south and south-
west of Tasmania in a quasi-Langragian framework us-
ing constant level balloons as a tracer of a volume of air
within which chemical and physical instruments aboard
the airplane measured over a period of 33 hours. Three
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unique aspects of the data set that we apply to this
study are (1) aerosol backscatter measurements from a
lidar system that can be directed either up or down to
identify the edges of aerosol layers, (2) measurements
of two tracers which can be used to separately mea-
sure entrainment from the lower into the upper layer
(dimethyl sulfide (DMS)) and from the upper into the
lower layer (aerosol spectra), and (3) measurements of
the horizontal divergence as a function of height which
can be integrated to estimate mean vertical motion at
the layer interfaces.

2. Entrainment Relations

The concept of incorporating a layer between the
PBL and the free troposphere follows on the work of
Albrecht [1979], who dealt with the trade wind bound-
ary layer. Here we generalize this approach to the case
where a turbulent layer, which may contain turbulence
generated by both clear-air (that is, wind shear) and
cloud processes, overlies a classical PBL, as illustrated
in Figure 1. We refer to this second layer as a buffer
layer. In this case, we do not consider the buffer layer
to be part of the PBL, as the PBL is characterized by
a mixing time of less than an hour [Stull, 1988]. The
interface between the two layers is assumed to be in-
finitesimal compared to the depth of the layers, and a
similar interface exists at the top of the buffer layer.
Since the buffer layer is turbulent, it too can entrain
fluid from both the underlying PBL and the overlying
free troposphere. This concept of bidirectional entrain-
ment has been studied via laboratory experiments by
Turner [1968], and more recently both theoretically and
experimentally by Fernando and Hunt [1997], and Mc-
Grath et al. [1997].

We can estimate the magnitude of the two entrain-
ment rates by applying the budget equation to either
one tracer, if both its internal sources and boundary
fluxes are known for both layers, or, as is the case here,
two tracers: one for each layer. In addition, the trac-
ers must have a measurable concentration difference be-
tween the two layers. We derive these relations using
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Figure 1. Diagram of the two-layered lower tropo-
spheric structure observed during Lagrangian B.
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the budget equation for a scalar § = S + s, where S
is the mean concentration and s is the fluctuation from

th :
e mean 3_5+3E+W3_5_Q .
ot 8z 8z ¢ )

where ws (the vertical eddy flux of S) is the average
of the product ws over a time period long enough to
give an accurate statistical average, @, is the internal
(chemical) source or sink of §, and W is the mean verti-
cal velocity at some level z. In this equation we assume
horizontal homogeneity in the turbulence quantities and
a Lagrangian framework for the measurements; that is,
that the airplane measurements are advected with the
mean wind so that there is no mean horizontal advec-
tion.

We can integrate this relation between two levels z;
and z9 to obtain

<%§>+ (W)ZzA_Z(W)Zl +(W) (SZA_ZSI) —

where < > denotes an averaged quantity over the
height interval Az = 23 — z;. In general, a mean fluid
motion over the height interval Az may exist, but nor-
mally the mean concentration difference S5 — S; is small
in regions where mixing occurs so that the mean motion
term can be neglected. We define a net entrainment ve-
locity as the net rate at which fluid passes from one
layer to another across a jump §S. Thus we allow fluid
to pass in both directions between the two layers. We
assume that the jump occurs over an infinitesimal layer
which we call interface A between the two layers of fi-
nite thickness. This velocity is equal to the difference
between the time rate of change of the layer interface
Oha/0t and the mean vertical motion at the height of
the interface, W, ,, that is:

(@) (2)

wh = ‘9;;

Then, integrating the first term of (1) across this layer
and applying Leibnitz’s rule gives

[ sl s
ZA— 6t

where z4_ and z4, are levels just above and just below
the jump and §S4 = Say — Sa—.

For an infinitesimal thickness of the entrainment zone
za4+ — za—, the first term on the right side of (4) can
be neglected. Then integrating the other terms of (1)
across the jump, the source/sink term can also be ne-
glected. Substituting (3) into the result, we have for
the integrated budget equation

oh
Swsa = ( 6tA

Wh,. (3)

Oha

—dSat (@)

WhA) (5SA = waSA, (5)

where
JWA = (m)

Za4 T (m)z,q— - (6)
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Each of the fluxes on the right side of equation (6)
can be expressed as a characteristic velocity x §S54.
This velocity is a measure of the rate at which fluid
is entrained from one side of the jump to the other.
Therefore we define two entrainment velocities across
interface A, both defined to be positive for a case with
mixing in both upward and downward directions, where

12 _ _ (W)ZA+ (7)
¢ dSa
is in the upward direction and
21 _ (m)zA
We - (SSA (8)

is in the downward direction, as illustrated in Figure 1.
Inserting these relations into equation (5),

UJZ—HJSA - wi"ZJSA = w;“JSA (9)
or
w2 —wl?? = (10)

We will use the situation illustrated schematically in
Figure 1 to analyze the data collected during the ACE
1 Lagrangian B flights. The entrainment across the top
of the buffer layer (interface B) is given by

32 _ _ (@3):p
We - JSB (11)
Since w273 = 0, we obtain
w3?? = wB. {(12)

Substituting (8) into (2), and setting z; = 0 and 2z, =
ha_, where h, is the depth of the lower layer, gives

<a_5> w2168, + (ws)o
at /,

ha
Likewise, substituting (7) into (2), setting z; = ha4
and z; = hp_, and applying the same procedure as in
(13) to the interface capping layer 2 gives

85\  wi265p — wl??65,
ot /,

hg — hyu
These relations can then be solved for the respective
entrainment velocities:

= <Q8)1- (13)

=(Qs)y- (14)

291 _ ha (( >1 Qs ) (ws)o
e JSA (15)
12 _ (hp — ha) ((Qs)y — (& ,) + wi%Sp
We JSA .
(16)

In the case of a classical one-layer convective PBL, the
entrainment is assumed to be only from the free tropo-
sphere into the PBL. That is, w!?2? = 0, and w2 =
w21, We note that this approach (which we call the
budget method) can be generalized to more than two
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layers, with similar equations written for the entrain-
ment velocities in both directions between each layer.
Thus, if we know the layer thickness, the time rates of
change in concentration, the internal source/sink terms
and the boundary fluxes for a scalar species, we can es-
timate the two entrainment rates. Alternatively, if not
all of those terms are known for one species in both lay-
ers, we may be able to use a separate tracer for each
velocity.

In addition to estimating the two separate entrain-
ment rates (by equations (15) and (16)), as well as the
net entrainment rate by (5), another approach to mea-
suring the net entrainment rate (which we call the di-
vergence method), for example at hy, is by measuring
the mean vertical motion at the height of the interface,
Wk, as well as the time rate of change of the layer in-
terface, 6h4/8t. The net entrainment w? is given by
equation (3). As discussed by Lenschow [1996], W},
can be obtained by measuring the mean horizontal di-
vergence at several levels below the interface at h4. The
divergence can be obtained from the continuity equation
for an incompressible fluid,

(;—1: = —% f v df,
where A is the area enclosed by the closed integration
path, @ is the area-averaged vertical velocity within the
integration path, v, is the horizontal velocity compo-
nent normal to the path of integration, and df is the
differential path segment. Assuming zero mean verti-
cal velocity at the surface, the mean vertical velocity at
ha can then be estimated by integrating equation (17)
from the surface to hy:

ha ord hA
Wh, =/ —aa—t:dz = —/ (%f’vndl) dz. (18)

3. Measurements

(17)

We apply the results of the previous section to the
measurements obtained from the C-130 aircraft for the
second Lagrangian period (flights 24-26 on December
7-9, 1995) of ACE 1. The second Lagrangian experi-
ment was initiated after a precursor survey flight (flight
23) of a frontal passage due west of the northwestern
tip of Tasmania. An analysis of the expected trajec-
tory of the postfrontal air revealed that the PBL air
would not pass over land and that it would stay within
a reasonable range of the ACE 1 base at Hobart airport
(Hainsworth et al., this issue). The flight plan employed
a series of 60-km diameter stacked circles which were ad-
vected with the local wind and reoriented at the top of
each stack to the trajectory of a constant level tetroon
launched from the R/V Discoverer [Lenschow, 1996;
Huebert et al., 1996; Bates et al., this issue (a)]. The re-
sulting series of measurements seem to have tracked the
air mass effectively for the three consecutive research
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Figure 2. Track plot of NCAR C130 flight path dur-
ing Lagrangian B, that is, ACE 1 flights 24-26 from
2000 December 7 to 0200 December 9, 1995 (UT). The
altitude is measured by a pressure altimeter and con-
tains some noise fluctuations.

flights plotted in Figure 2. The measurements from the
aircraft soundings and sequential circles have been used
to follow the temporal evolution of the observed bound-
ary layer structure.

The observations carried out during this experiment
provide a data set that is complete enough that we can
estimate the two separate entrainment velocities by the
budget method using equations (15) and (16) with two
separate tracers. In addition, we can estimate the net
entrainment rates w2 and w? with two other indepen-
dent techniques by (1) using equation (5), with trac-
ers for which we have direct flux measurements (water
mixing ratio, virtual potential temperature, and ozone)
and (2) estimating the two terms on the right side of
equation (3) (the divergence method). The vertically
pointed lidar measurements from transects and circles
above or below the layers can be used to measure the
height of layer boundaries from the local maximum in
the backscatter reflectivity gradient. In addition, direct
measurement of scalars during vertical airplane sound-
ings can also be used to identify layers. Conducting
these measurements over an extended period of almost
two days in a Lagrangian framework allows us to evalu-
ate the time rates of change of the layer interfaces. The
circular flight patterns flown at several levels within the
PBL can be used to measure W), 4, and W}, g from equa-
tion (18). From these measurements we can estimate
the net entrainment rate at interface A, w2, and, as-
suming unidirectional entrainment, the downward en-
trainment rate at interface B, w2~2, which is used in
equation (16).

We use two tracers for estimating entrainment by
equations (15) and (16): the spectrum of submicron
aerosol particles and DMS concentration. The former
is useful for estimating w2~ via equation (15) since the
aerosol sources and sinks (for example, surface deposi-
tion) in layer 1 are small and easily calculated. It is not
useful for layer 2 since aerosols are produced there at a
rate that we cannot evaluate. The large magnitude of
this entrainment rate compared to estimates of the net
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entrainment rate w2 by the flux technique provided us
with the first evidence that the entrainment process in
this case was bidirectional.

On the other hand, the DMS concentration, whose
sole source is emission from the ocean and whose atmo-
spheric sink is reaction with OH (which was measured
simultaneously on the C-130), can be used to estimate
wl™? via equation (16). In this equation, w372 is as-
sumed to be the net entrainment velocity; that is, that
w273 = 0, as is assumed at the top of conventional
convective PBLs.

These estimates of w2?! and w.™? can be substi-
tuted in equation (10) to obtain a second estimate of
w? which can be compared with that obtained from
the direct flux measurements of water vapor and ozone
and from the integrated divergence approach. We can
also estimate w# from DMS flux obtained from mean
concentration measurements via the mixed-layer gradi-
ent method.

Further support for the bidirectional entrainment is
given by the observations of significant vertical velocity
variance in layer 2 even in the clear-air segments of the
flight path. To elucidate the causes of the turbulence
in this buffer layer, we calculated a bulk Richardson
number from the relation

Rin = g Af,Az

BT T (AU + (AV)?
where A denotes the difference in mean quantities over
flight levels at 500 m in layer 1 and 900 to 1200 m
in layer 2. We see in Figure 8 that Rip decreases with
time, which is consistent with the buffer layer becoming
less stably stratified and with the observed increase in

wl™? with time.

2

(19)

3.1. Boundary Layer Height Structure

Two independent measurement techniques provided
a uniquely detailed picture of the boundary layer struc-
ture and its horizontal inhomogeneities. The first was
the measurement of aerosol backscatter as a function
of distance from the aircraft via lidar which could be
operated in both upward and downward looking modes
to provide observations of the lower and upper bound-
aries of both clouds and aerosol layers in the manner
described by Schunesow et al. [1990]. The second tech-
nique was measurement of vertical profiles via aircraft
soundings which provided in situ mean and turbulence
measurements of, for instance, temperature, humidity,
and vertical velocity to support the layered structure
indicated by the lidar. In addition, the appearance
of cloud features is studied through measurements of
backscatter, precipitation, and cloud droplet concentra-
tions. Details of these techniques are discussed in the
following sections.

3.1.1. Lidar data. The Scanning Aerosol Back-
scatter Lidar (SABL) flown in ACE 1 was designed by
Morley et al. [1996] and built by Lentec Corporation
(Albuquerque, New Mexico). SABL features vibration-

16,415

reduced mounting, temperature-controlled avalanche
photodiodes and photomultiplier tubes, and narrow
band interference filters for reduced noise. The data
used here are highly resolved backscatter profile mea-
surements at a sample rate of 1 s~!. The minimum
range is 300 m, and the maximum is 10 km.

SABL observations illustrate a complex structure in
the lower 2 km of the atmosphere during Lagrangian
B. The PBL top, as evidenced by the large decrease
in aerosol backscatter over an interval of a few tens of
meters or less between about 400 and 700 m, shows
considerable variation in height. This variability occurs
both on scales of a few kilometers or less, which is in-
dicative of thermals driven by surface buoyancy flux, as
well as on tens of kilometers, which is due to mesoscale
processes such as sea surface temperature variations (Q.
Wang et al., manuscript in preparation, 1998). Below
this, the backscatter is uniform, indicating that both
aerosol particles and humidity are well-mixed through
the PBL (Plate la-1c). Variations in the lidar backscat-
ter above the PBL reveal layers of humidity or particle
concentrations. These layers appear and persist at lev-
els between 600 and 1400 m. The layered structure sug-
gests that this region is not as well mixed as the PBL,
indicating that the turbulence here is not as strong and
may be intermittent.

3.1.2. Aircraft soundings. Aircraft soundings
through the buffer layer indicate that its chemical com-
position, water content, and virtual potential temper-
ature are similar to the boundary layer. Figures 3, 4,
and 5 illustrate these features during the first flight of
Lagrangian B. The similarities in humidity and ozone
suggest that the layer had recently been part of the PBL
or is being infused with air from the PBL. This layer is
similar to a residual boundary layer that forms noctur-
nally over land when the turbulence can no longer mix
up to the height of the temperature inversion capping
the daytime PBL in that it has retained the composi-
tion although not the same level of turbulent mixing
characteristic of a well-mixed PBL. An important dif-
ference in this case is that some turbulence persists in
this layer at a level sufficient to cause entrainment from
both the PBL and the overlying free troposphere, so
that it represents a reservoir and mixing zone of both
PBL and free-tropospheric air.

The soundings (Figures 3, 4, and 5) indicate three
distinct features of the buffer layer: (1) the layer is not
well-mixed, (2) the layer is below a strong temperature
inversion, and (3) there is intermittent turbulence in the
layer. Ozone, humidity, and virtual potential temper-
ature profiles all show indications of layered structures
in the buffer layer although a fraction of the layer shows
evidence of mixing.

The temperature inversion capping the buffer layer is
evident in all soundings across interface B in the virtual
potential temperature measurements. Evidence for tur-
bulence appears infrequently in the soundings of vertical
velocity, as the most intense high-rate vertical velocity
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Plate 1. Three lidar images of aerosol backscatter observed during the three flights of La-
grangian B. Each image represents an approximately 11-minute segment of data recorded every
other second from the following time segments (in GMT): (a) flight 24, 0058-0110 December 8,
1995; (b) flight 25, 1236-1247 December 8, 1995; (c) flight 26, 0002-0013 December 9, 1995.



Figure 3. Aircraft sounding during flight 24 at 2128 December 7, 1995, illustrating the vertical
distribution of (a) virtual potential temperature, (b) humidity mixing ratio, (c) ozone concentra-
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Figure 4. Same as for Figure 3 during flight 25 at 0858 December 8, 1995.
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Figure 5. Same as for Figure 3 during flight 26 at 2113 December 8, 1995.

fluctuations end at the top of the boundary layer. How-
ever, as discussed in the section on turbulence, several
horizontal legs show turbulent fluctuations indicating
mixing. The presence of turbulence distinguishes this
layer from a continental residual layer in which turbu-
lence is largely absent.

Another distinctive feature of this buffer layer is il-
lustrated by the virtual potential temperature sound-
ings. For example, in Figure 5 (flight 26, December 8,
2204) the virtual potential temperature follows a wet
adiabat from 500 to 1000 m. However, from 1000 to
1800 m the air follows a dry adiabat. This character-
istic distinguishes the buffer layer structure from the
“cloud layer” observed in trade wind regimes [LeMone,
1980], in which a wet adiabat extends through the en-
tire layer to the temperature inversion, indicating that
the mixing process in that type of intermediate layer is
cloud-driven convection.

3.1.3. Cloud structure. Flight 24 begins the La-
grangian experiment in the early morning in a clear air
mass immediately following the passage of a weak cold
front. Boundary layer winds are a relatively weak 4 m
s~!. Flight 25 is primarily a nighttime flight, so visual
confirmation of a clear atmosphere was difficult, but nei-
ther cloud droplets nor precipitation were recorded. Li-
dar images suggest the formation of a very humid layer
below interface A that was characterized by backscat-
ter typical of haze-sized droplets but not saturated as
is expected for cloud structures. During the following
day’s flight 26, clouds appear both below interface A,

at interface B, and in the middle of layer 2. The low-
est cloud layer below interface A contains wispy stratus
with some linear horizontal orientation and tilt consis-
tent with strong shear. The PBL wind speed increased
overnight to over 11 ms~!. Higher cloud layers are vari-
able and intermittent with depths of 50 to 300 m. We
note that the lidar images also show increasing aerosol
backscatter in the buffer layer through the flights, which
strongly suggests that PBL air is being entrained into
the buffer layer during this period.

3.2. PBL Height Evolution

The salient features of the PBL and buffer layer per-
sist throughout the Lagrangian experiment, as is illus-
trated both in the lidar images in Plate 1 and the sound-
ings shown in Figures 3, 4, and 5. The PBL, initially
600 m deep, sinks to 450 m at the end of the study pe-
riod. In contrast, the height of the buffer layer increases
from 1400 to 1900 m.

To obtain an expression for the change in the height of
each of these interfaces with time, we have fitted second-
order curves to the heights obtained from each of the 14
soundings through the lower interface (interface A) and
the 11 soundings through the upper interface (interface
B). These data are plotted in Figure 6.

In addition, we have used the lidar imagery to obtain
spatially-averaged estimates of hs. The lidar heights
were obtained using a wavelet routine to search for the
steepest gradients in the aerosol backscatter for every
second pulse for 21 flight segments during flights 24
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represent the height of turbulent mixing (interface A) from aircraft sounding data; diamonds show
the height of the primary temperature inversion (interface B) measured in aircraft soundings.

through 26. Since the height of the PBL typically varied
between 30 and 80 m from the mean through a 30-min
circle, as Plate 1 illustrates, a time series of PBL height
was very useful for following the trend in the height of
interface A. This technique was not successful in esti-
mating the altitude of interface B because of its much
weaker backscatter gradient.

Although at several specific times the altitude re-
trieved from a single sounding was as much as 50 m
different from the lidar-retrieved spatial average, the
trends in both data sets were nearly identical, as 1s il-
lustrated by the similarities in the second-order curve
fits obtained for both the lidar-wavelet retrievals and
the sounding heights (shown in Figure 6). The expres-
sions obtained from these curve fits for the heights of
interfaces A from lidar data and B from sounding data,
equations (20) and (21), respectively, are

ha(t)= — 2.0007320 x 107

+ 1.1703398 x 10°¢

—  1.7114394 x 10%*? (20)
hp(t)= + 13165369 x 10®

—  7.6909641 x 10t

+ 1.1232413 x 1032, (21)

where ¢ is in Julian Decimal Time (JDT) (2000 Decem-
ber 7 is equivalent to 341.833), h is in meters, and the
relationships are defined for 341.8 < ¢t < 343.1 days.
Differentiating equations (20) and (21) yields the fol-
lowing expressions for the rate of change of the interface
height with time:

dha(t) 11703398 x 10° — 3.4228788 x 10%
at 86400

(22)

dhp(t)  —7.6909641 x 10° + 2.2464826 x 103t

dt 86400 '
(23)
where dh( y/dt has been converted to m s~! by dividing
by 86400 s d~!.

Entrainment in both directions across interface A,
namely both of air from layer 2 into layer 1 and from
layer 1 into layer 2, requires turbulence in both lay-
ers. The turbulence in layer 1 is clearly illustrated by
high-frequency fluctuations in the vertical velocity dur-
ing aircraft soundings below 600 m. We calculate the
Obukhov length L to characterize the PBL stability in
order to describe the character of the turbulence in this
layer. In layer 2, the turbulence is more intermittent,
so we discuss both the potential for shear-driven turbu-
lence using a bulk Richardson number Rig and specific
examples of turbulence measurements.

3.2.1. Obukhov length. Figure 7 illustrates the
Obukhov length (L) calculated for the PBL (layer 1),
and the ratio ha/L to provide a measure of the hydro-
dynamic stability of the PBL. The magnitude of the
Obukhov length is proportional to the height at which
the rates of shear and bouyancy generation of turbu-
lence are of comparable magnitude. During flight 24
(stacks 1 through 3, from JDT 341.92 to 342.42) this
value is negative and decreasing in magnitude, indicat-
ing a convective boundary layer in which the relative
contribution of buoyancy is increasing. During stacks 4
and 5, —L increases, which indicates a decreasing con-
tribution from buoyancy. During stacks 6 and 7, the
buoyancy flux is small and negative, and the friction
velocity u. is doubled, so that L is positive and increas-
ing. (The Obukhov length for stack 5 (at JDT 342.56)
was estimated from the 150 m flight level, since no 30
m flight level was available for this stack.) The result is
that hs/L increases from stack 3 through 6 (from JDT




16,420
4 1 1 T T T T
L T ST
0 ——s
< L -~ -

£ 4 - T

8 .. .

3 - -4
-12 1000 o
3 4 o
cmeeme s
_________________ ) 3
L T T ] 2
<
- J-1000 &
| f Q
5
- - H-2000 ~
L — 1 1 1 1 ’3‘
341.8 3420 342.2 3424 3426 3428 3430 M2 =

Julian Date
Figure 7. (bottom) The Obukhov lengths L for layer
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Lagrangian B; L for stack 5 based on measurements at
150 m is shown with a solid diamond. (top) The ratio
of the PBL height to the Obukhov length hs/L.

342.13 to 342.92) from -9.0 to 0.5, showing a trend from
a slightly unstable to a slightly stable PBL.

3.2.2. Richardson numbers. We calculate a
bulk Richardson number (equation (19)) plotted in Fig-
ure 8 from data in stacks 1 through 7 between the 500 m
flight level, to characterize PBL values, and at a level in
the buffer layer between 900 and 1200 m to estimate the
potential for turbulence generation in the buffer layer.
We use the Richardson number as an indication of the
likelihood that the observed turbulence is generated by
shear rather than by convection. Rip is positive and
decreasing from 36 to 7 during flight 24 and continues
to decrease to less than 1 in flight 26. The continuous
wind soundings from all three flights shown in Figure 9
do not vary monotonically between the two flight lev-
els; rather, they show local maxima and minima. Thus
the local Richardson number can be considerably less
than this integrated value, so it is not surprising that
Rip never reaches a critical value. Nevertheless, the de-
creasing Richardson number is consistent with the layer
becoming less stable and more likely to have intermit-
tent turbulence.

During flights 24 and 25, no clouds were noted in
the buffer layer within the study area, and turbulence
was observed intermittently. In flight 26, a few small
cumulus clouds were observed, but they covered only
a small fraction of the measurement area. Figures 10,
11, and 12 show three examples from flight 26 of high-
frequency vertical velocity fluctuations at 30, 1226, and
2133 m. Figure 10 shows turbulence in cloud-free air
in the boundary layer. Figure 11 shows that there is
turbulence present in cloud-free air in the buffer layer.
Figure 12 shows turbulence in cloudy air in the buffer
layer.

3.3. Flux Method Calculations

During each circle flown in the boundary layer, hu-
midity, ozone, and virtual potential temperature were
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available at a sampling rate of 25 s~ for 30 min covering
a distance of approximately 180 km. This measurement
rate provides more than enough samples to character-
ize turbulent transport processes from about 8 m to 10
km in length [Lenschow, 1995]. Cospectra of humidity,
ozone, and virtual potential temperature with vertical
velocity were calculated and integrated over the wave-
length intervals noted. The resulting fluxes ws(z) are
plotted against altitude for each stack time in Figures
13, 14, and 15.

3.3.1. Temperature flux. The flux of virtual po-
tential temperature, wd,, shows a decrease with alti-
tude indicative of warming with height in almost all
stacks during Lagrangian B in Figure 13. The exception
to this trend is stack 5 which shows a small increase in
wb, with altitude. Stacks 6 and 7 have negative fluxes
at the surface, indicating a surface cooler than the air
above.

Virtual potential temperature fluxes from the 30-
m circles were compared to aerodynamic transfer esti-
mates of the surface virtual potential temperature flux
derived from measurements of radiometric surface tem-
perature and estimated surface pressure and saturation
as well as the mean wind at 30 m. The values for all
three flights agreed within the specified 1 K accuracy
of the radiometer measurements. The largest difference
occurred on flight 26; to get agreement on that flight re-
quired a 1 K shift in the radiometer temperature. The
PBL was stably stratified during flight 26, so mixing
was less, and consequently the lapse rate is larger.

3.3.2. Humidity flux. The humidity fluxes plot-
ted against altitude in Figure 14 are positive in all cases,
consistent with a humidity source at the surface. For
flights 24 and 25, the fluxes at 30 m are consistent with

10

Richardson Number

1

7

6

£ 1 1 1 1 1 1
341.8 342.0 342.2 342.4 342.6 342.8 343.0 343.2
Julian Date

Figure 8. Gradient Richardson number calculated for
the buffer layer as a function of time during Lagrangian
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estimates of the surface flux from the bulk aerodynamic
formula, using saturation at the sea surface tempera-
ture measured with the surface-temperature radiome-
ter. The comparison for flight 26 indicates lower than
expected sea surface temperatures, which are likely to
result from an instrument calibration offset discussed
above for temperature flux.

Figure 9. North (grey line) and east (black line) wind components’ variation with altitude for
soundings in each of the three flights of Lagrangian B, namely (a) flight 24 at 2128 on December
7, 1995, (b) flight 25 at 0858 on December 8, 1995, and (c) flight 26 at 2113 on December 8, 1995.

3.3.3. Ozone flux. Figure 15 shows negative
ozone fluxes throughout the boundary layer, with the
first stack indicating values close to zero at interface
A. The trend in the magnitude of the entrainment ve-
locity at interface A, shown in Figure 16, follows that
predicted from the humidity flux in showing a slow in-
crease from slightly negative (-0.001 m s™!) to a small
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Figure 10. The (top) solid line indicates vertical gust velocity (m s~!), the (bottom) dashed
line shows dew point depression (C), and the (bottom) dotted line gives the cloud droplet con-
centration (Forward Scattering Spectrometer Probe (FSSP), cm~3) at 30 m height during flight
26 at 2130-2200 December 8, 1995.
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terface, 54, provided the values in Figure 16 for w?~*!.

Similarly, Figure 17 shows the analogous calculation for
wl™? and Figure 18 shows that for w32

For each tracer, the jump at the interface was esti-
mated by two methods. The first provides an upper
bound by using

positive value of 0.003 m s~! for stacks 1, 4, 6, and 7.
Stacks 2, 3, and 5 predict entrainment velocities higher
than this trend.

3.3.4. Flux-derived entrainment rates. The
values in the PBL were extrapolated to h4 using a lin-
ear fit to give Ws(h4—). Dividing by the jump at the in-
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Same as for Figure 10 at 2133 m height during flight 26 at 2344-0014 December



RUSSELL ET AL.: BIDIRECTIONAL MIXING IN AN ACE 1 MARINE BOUNDARY LAYER 16,423
1500 oo ' !
L -+ 12/07 21:34
- -x12708 00:30
- 12/08 02:38 R
—-012/08 09:27
—A12/08 1325
—012/08 21:30
L —x 12709 00:28
~ 1000 .
\E/ r x+ °
) A
o
2
< s500F \.:‘.-i-\:]oA i
" . }\
+* ﬁ \\‘\ 4
AN -
0 ! otlox .
—-0.010 —0.005 0.000 0.005 0.010

Virtual Potential Temperature Flux (K){(m/s)

Figure 13.

Virtual potential temperature fluxes during Lagrangian B. Each line represents a

linear fit to data in the PBL during a single stack of measurements, and each data point represents
a flux value calculated from measurements during a 30-min circle.

JSA = 5900 m circle — 5150 m circle- (24)
If § varies monotonically over this range of Az =
900 — 150 m, then dS4 is overestimated. An accu-
rate instantaneous but spatially varying measure of the
jumpin S at interface A was estimated from an aircraft
sounding across interface A, such that

A+4éz A
55, = 277 8dz — [, Sdz
- §z ’

(25)

where we use dz ~ 50 m to obtain a sufficient sample
for an average value.

We have only one stack during Lagrangian B (12/8
2130) where there are two circles from which we can

extrapolate to (ws).,_ and (W5).,,. We will denote
these two measurements as (ws)s; and (ws)p,. There-
fore we will use the assumption that the gradient of the
flux in the buffer layer is constant during Lagrangian
B, so that

(@S)s5-(t) ® ma(zp- — hy) + (Wa)n, (t)  (26)
(@8)s44. (1) = m2(zat — hyj) + (W), () (27)

where _ _
My = (ws)hk - (ws)hJ (28)

bk — b;

For this particular case, we note that the slope my turns
out to be small, so we can simplify equations (26) and
(27) to
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Figure 14.

Humidity fluxes during Lagrangian B. Each line represents a linear fit to data

in the PBL during a single stack of measurements, and each data point represents a flux value
calculated from measurements during a 30-min circle.
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0.005

Figure 15. Ozone fluxes during Lagrangian B. Each line represents a linear fit to data in the
PBL during a single stack of measurements, and each data point represents a flux value calculated
from measurements during a 30-min circle.
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(29)

used to provide an estimate of the variation of w3
with time which can be compared with the estimate
based on the relation

'
N

Julian Date

341.8 342.0 3422 3424 3426 3428 343.0 3432

The approximations in equations (26) and (27) are

32

—— — Wip (31)

Yo ‘eoepelu| SS0I0E 2oUaIBHIg

The top panel shows entrainment velocity, wZ™!, calculated at interface A from

estimates of the fluxes of virtual potential temperature, humidity, and ozone. The other two
panels show the two quantities from which this velocity is derived, namely the value of the flux
at the interface in the bottom panel and the difference in concentration across the interface in
the middle panel. Triangles represent virtual potential temperature, circles represent humidity,
and diamonds represent ozone measurements.
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Figure 17. Same as for Figure 16 for the entrainment velocity wl=2.

The entrainment velocities calculated from the three (0.002 ms~!) throughout the duration of Lagrangian B.
flux methods at interface A are shown in Figures 16, Stacks 2, 3, and 5 predict larger w,, between 0.006 and
17, and 18. Stacks 1, 4, 6, and 7 indicate Wq increasing 0.008 m s~!, indicative of the stronger fluxes measured
from slightly negative (-0.001 m s=!) to slightly positive in those stacks.
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Figure 18. Same as for Figure 16 for the entrainment velocity, w32
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3.4. Budget Methods

The two budget analyses for interpreting the PBL ex-
change rates described here were made possible by an
extensive and unique complement of submicron aerosol
and chemical (DMS and OH) measurements. Results
from this method provided the critical evidence for the
bidirectional entrainment illustrated in Figure 1. Ow-
ing in part to the complex nature of the boundary layer
studied in this case, the characterization of turbulent
transport without these data would have been incom-
plete.

3.4.1. Aerosol transport. Measurements of
dried submicron aerosol size distributions were collected
at 1-min intervals aboard the NCAR C130 using the
radially classified aerosol detector (RCAD) system de-
veloped by Russell et al. [1996]. These measurements
were averaged during each circle of Lagrangian B to
provide the size distributions in Figure 19. The size
distributions above interface B are typical of the free
troposphere, containing a single, broad mode at 35-40
nm dry diameter. In the buffer layer, the size distri-
butions all are bimodal, with one peak at 45 nm and
the other between 10 and 20 nm dry diameter. In the
PBL at both 30 and 150 m, the aerosol size distribu-
tion contains a primary mode peak at 45 nm, indicating
well-mixed aerosol in the boundary layer and consis-
tent aerosol characteristics throughout the Lagrangian
flights.

Both of the sets of circles in the PBL also show the ap-
pearance of a second mode peak at 20 nm during the end
of flight 25 and its growth throughout flight 26. Since
the particles appear in the middle of the Lagrangian at
a size range an order of magnitude larger than parti-
cles nucleated from gases (typical critical diameters for
particles nucleated in the atmosphere are thought to be
1-3 nm diameter), there is little chance that these par-
ticles were produced in layer 1 from gaseous precursors.
Such production would have been accompanied by ob-
servations of growth of the mode from larger numbers
of smaller-sized particles during the hours previous to
their appearance at 20 nm, since typical observed rates
of particle growth by condensation are of the order of
several hours for volume doubling, even in more highly
concentrated vapor conditions characteristic of polluted
air masses. At 20 nm the particles in the new mode are
also almost an order of magnitude smaller than the size
range expected for sea-salt particle sources (typically
observed in significant numbers down to 100 nm).

There are important aerosol dynamic processes that
can be particle sinks in this size range, but not sources.
Dry deposition will continuously remove particles at a
rate proportional to their concentration. However, the
loss rate is minimal. For example, 100 nm diameter
particles at a concentration of 300 cm~3 will lose only
5.2 x 107 cm~3 s~1. For a 500 m boundary layer this
gives an e-folding time of almost 20 years. Coagulation
cannot result in the creation of new particles in this
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Figure 19. RCAD aerosol size distribution measure-
ments from circles at (a) 1500 m and above, (b) 900 to
1200 m, and (c) 150 m. Each distribution represents the
average size distribution of 30 measurements collected
at 1-min intervals around a constant-altitude circle.

size range, since there are negligible concentrations of
particles of smaller sizes that would result in particles
in the 20 nm mode. However, particles in this mode
can be lost by coagulation with other particles in this
mode as well as with particles in larger modes. The
maximum rate of such losses by coagulation for the size
distributions considered here under subsaturated condi-
tions is 0.01 cm~2 s~!, which gives an e-folding time of
about 8 hours for a 500 m deep boundary layer. Thus
the coagulation term calculated based on the average
size distribution for each circle in layer 1 will dominate
(@), and is included in the calculated values of w21,
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Thus we conclude that the most probable source of
the particles in this mode is transport from the buffer
layer, where particles exist at the 20-nm mode at a con-
centration of 300 cm~3. The particles in this mode in
the PBL and buffer layer circles are each integrated to
calculate the change in particle number as a function of
time, (05/0t),, as well as the difference in particle con-
centration across interface A, §S4. The lower bound for
integration 1s taken as 10 nm, and the upper bound is
calculated for both 20 and 30 nm. The difference in the
integral values for the two upper bounds was minimal,
and the 30-nm upper bound was found to more accu-
rately represent the concentration increase for the mode
since it included a more complete fraction of the mode’s
particles. The resulting changes in the modal concen-
tration with time are shown in Figure 20, along with
the measured value of 654 from equation (24). Using
these values and the expressions for h(t) given in equa-
tion (20) and (21) above, equation (15) then provides
the estimates of entrainment rates from the buffer layer
into the PBL.

Figure 20 shows that the entrainment rates increase
from near zero at the start of flight 24 to 0.012 m s~1
during flight 26. As expected for a well-mixed PBL,
there is little difference in the rates predicted using the
30 and 150 m data sets.

3.4.2. DMS transport. Measurements of DMS
from the aircraft provided an effective tracer for trans-
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port from the PBL to the buffer layer, since the only
source of DMS is emission from the sea surface. Oxida-
tion of DMS in the atmosphere by OH radicals provides
a diurnally varying sink for DMS and limits the lifetime
of DMS in the troposphere to a few days. Because of
this, concentrations of DMS in the buffer layer are lower
than the PBL, and concentrations above interface B (in
the free troposphere) are lower than in layer 2. Hence
knowing the DMS oxidation rate and mean concentra-
tion allows DMS to be used as a tracer for estimating
w2, We also use the mixed-layer gradient technique
to estimate surface flux of DMS and hence to estimate
wit

DMS concentrations were calculated from 3-min in-
tegrated samples collected approximately every 5 min
in the NCAR C130 flights during ACE 1 [Bandy and
Thornton, 1996]. For each circle, a value was calcu-
lated by averaging four to six measurements collected
at a single altitude. These values are plotted in Figure
21 and were fit with quadratic curves using the least
squares method. At 30 and 150 m, DMS concentrations
are similar, with means of 80 to 120 parts per trillion by
volume (pptv) which increase during Lagrangian B. At
900 to 1200 m, DMS concentrations are initially lower
at 20 pptv, but increase steadily. DMS concentrations
above interface B, measured at 1500 to 2100 m, were fre-
quently below the sampling detection limit (~1 pptv),
but showed an average of 15 pptv at 2311 December
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Figure 20. The top left axis shows entrainment velocities of air from layer 2 to layer 1 calculated

by the increase in particles observed in layer 1

at 150 m in the size range of 10 to 30 nm. The

middle right axis plots the difference between layers 2 and 1, or 4. The bottom left axis shows

the integrated modal concentrations of particles
at altitudes of (a) 900 to 1200 m (+’s) and (b)

in the range of 10 to 30 nm as functions of time
150 m (x’s).
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Figure 21. The top left axis shows entrainment velocities of air from layer 1 to layer 2 calculated
by the increase in DMS observed in layer 2 at 900 m. The middle right axis plots the difference
between layers 2 and 1, or §4. The bottom left axis shows the DMS concentrations as functions
of time at altitudes of (a) 900 to 1200 m (+’s) and (b) 150 m (x’s).

8, 1995 (flight 26). Because the measurements at this
level were limited, we will assume that the ratio of DMS
concentration at level By (in the free troposphere) to
that at B_ (in the buffer layer) is constant and equal
to 0.60, which is the value obtained from measurements
at 2311 December 8, 1995.

A lower bound on the value of w!™2 can be esti-
mated directly by equation (16) from the changes in
DMS concentration and the vertical difference across
the boundary layer top, as plotted in Figure 21. To ob-
tain a more accurate estimate, the primary sink of DMS
by oxidation with OH was used to correct the DMS
concentrations. For this calculation the measurements
of F. Eisele and L. Mauldin (personal communication,
1997) were used. The largest impact of this correction
is during the daylight hours of flight 24, since flight 25
occurred during night hours and flight 26 was overcast,
resulting in much lower OH concentrations.

2

3.5. Divergence Calculations

For each circle, the lateral component v, (that is,
normal to the flight path) of the wind vector was in-
tegrated around the closed flight path to provide an
estimate of the mean horizontal flow divergence at that
altitude [Lenschow, 1996]. Clockwise and counterclock-
wise circles were flown so that the mean bias in v, is
removed by averaging. The mean vertical motion at
interface A (Wj,) is then obtained by integrating the

mean divergence estimates from the surface up to hy
equation (17). The uncertainty associated with this ap-
proach was evaluated by Lenschow [1996].

The net entrainment velocity w? is then estimated
from equations (22) and (3). The results are plotted
in Figure 22. The velocity w? decreases from 0.04 to
-0.04 m s~! which compares well with the trend in the
aerosol- and DMS-calculated entrainment rates. The
decrease in net downward entrainment from an initial
value of 0.04 m s~! for the divergence method to 0 at
flight 25 and to -0.04 m s~! (net upward) during flight
26 is consistent with the rapid increase in wl™? (as
estimated from the DMS concentration in the buffer
layer as Rip decreases) compared to w2=!, which also
increases but not as much as wl™2 ( as estimated by
the particle concentration in the PBL).

Figure 23 compares the four methods we have to esti-
mate the entrainment between the buffer layer and the
free troposphere. All of the flux methods predict val-
ues near zero, whereas the divergence method shows an
entrainment rate increasing to 0.08 m s~!.

3.6. DMS Flux

The measurements collected in ACE 1 also provide
a unique opportunity to compare three independent
methods of estimating the flux of DMS at the ocean
surface. The first method uses the seawater concentra-
tion of DMS and a sea-air transfer velocity to estimate a
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we 4, calculated from four different methods: (1) flux
method for virtual potential temperature, for water
mixing ratio and for ozone, (2) divergence method,
(3) budget method, and (4) the mixed-layer gradient
method.

flux based on mean wind speed at approximately 10 m.
Two such parameterizations that have been proposed
[Liss and Merlwat, 1986; Wanninkhof, 1992] differ by
approximately a factor of 2 for the flux estimates result-
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Figure 23. Estimated net entrainment velocities,

wep, calculated from two different methods: (1) flux
method and (2) divergence method.
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ing from our data, with the Liss and Merlivat [1986]
estimates providing the consistently lower values [Bates
et al.,this issue (b)]. For the conditions measured here,
we have chosen to use the Liss and Merlivat based esti-
mates since they give better agreement with the other
techniques, and these are illustrated in Figure 24. How-
ever, we note that the discrepancy between the fluxes
from the two parameterizations suggests the magnitude
of the uncertainty associated with estimates based on
this method.

The second method of estimating DMS flux for which
data were available in the ACE 1 measurements is the
application of the top-down, bottom-up mixed layer
approach [Moeng and Wyngaard, 1989] to the average
atmospheric DMS concentrations at multiple levels to
give the concentration gradient in the boundary layer.
In this method, the results of representative runs of a
Large Eddy Simulation (LES) model are used to param-
eterize the relative magnitudes of the contributions of
bottom-up (surface) and top-down (entrainment) fluxes
to the mixed-layer gradient. For flights 24 and 25 con-
vective LES-derived parameterizations were used, but
in flight 26 the boundary layer was shear-driven, so
a different set of parameterizations were employed (C.
Moeng, unpublished results, 1997). By using three lev-
els of DMS measurements, spread from near the sur-
face to near the top of the boundary layer, we have ob-
tained estimates of both surface flux and entrainment
rates for two stacks during the Lagrangian, whereas for
the remaining four stacks, in which only two altitudes
were measured in the boundary layer, we have used
the approximation that for the lowest flight levels at 30
and 150 m the gradient is primarily determined by the
bottom-up flux and have neglected entrainment. These
estimates are also included in Figure 24.
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Figure 24. Comparison of DMS flux at the ocean
surface as calculated by three methods, namely (1)
air/sea gradient, (2) top-down, bottom-up, and (3)
DMS/aerosol budget methods.
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The third method employs a budget approach to the
DMS concentration and incorporates our calculation of
w21, Rearranging equation (15), we have

(@s)o = ha (<‘9a—f>l — (Q,)l) —w2?165,.  (32)

The change in concentration in layer 1 and the sources
and sinks of DMS are calculated from the measured
DMS values, and w21 is obtained from the nucleation-
mode aerosol budget method estimate shown in Figure
20. The resulting estimates of DMS flux by this budget
method are also shown in Figure 24.

A comparison of these three different methods of cal-
culating flux shows quite good agreement in the calcu-
lated magnitude of the flux for four of the six stacks of
measurements. The primary discrepancy in the meth-
ods is in the first two stacks of flight 24 where the top-
down, bottom-up boundary layer gradient method pro-
vides a high estimate of 20 pmol m~2 d=1. This value
reflects a single circle with an anomalously high atmo-
spheric DMS measurement for the flight. This anomaly
may be due in part to spatial inhomogeneities associ-
ated with the recent frontal passage.

The top-down, bottom-up method can in principle
also provide an estimate of entrainment in cases with
three or more measurements per stack. There are two
such cases here: stack 1 of flight 24 and stack 1 of flight
25. For stack 1 of flight 24 we have used measurements
at 150, 320, and 480 m as those altitudes appeared less
influenced by the spatial inhomogeneities in DMS noted
above. For stack 1 of flight 25, the three levels available
were 30, 150, and 470 m. The resulting two predicted
net entrainment values are plotted in Figure 22.

4. Discussion

Evidence from aerosol and DMS evolution data
clearly shows bidirectional transport across the top of
the PBL that increases during the third flight of the
Lagrangian which occurred between 26 and 34 hours
after the tetroons were launched. The observed struc-
ture is illustrated in Figure 1. These data are consistent
with the divergence-derived estimates of net entrain-
ment (w#), as well as with the DMS-derived upward en-
trainment (wl™2) during the third flight which exceeds
the aerosol-derived downward entrainment (w2~1), and
is consistent with a net negative entrainment rate of up
to w2 = —0.040 m s™!. The decreasing hydrodynamic
stability, as estimated by a bulk Richardson number,
supports this conclusion.

Probably the most critical variable in determining
the accuracy of the budget technique for estimating the
entrainment rates is the jump in concentration across
the layer interfaces, since it appears in the denomina-
tors of equations (15) and (16). If the jump is small,
the accuracy is compromised, both by sampling limita-
tions and sensor precision. Therefore the technique is
best suited to relatively short-lived tracers (to enhance
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the jump across layer interfaces) but which have a rel-
atively long lifetime compared to the turbulent mixing
timescale (so that the layer concentration is reasonably
uniform). This means a lifetime of more than a couple
of hours, but less than a couple of weeks. In this exper-
iment, both DMS and submicron aerosol fall into this
category. Since DMS surface flux can be estimated by
the mixed-layer gradient method, DMS can be used as
a tracer for both the flux and the budget method in the
boundary layer. On the other hand, since the magni-
tude of the submicron aerosol source in the buffer layer
is unknown, it could not be used to estimate entrain-
ment from the boundary layer to the buffer layer.

We also note that a central assumption in the La-
grangian budget method employed here is that horizon-
tal advection can be ignored. Although there was no
strong evidence from the tracer measurements in the
circle patterns of horizontal heterogeneity, the signifi-
cant shear, particularly during flight 26, indicates that
the difference in the advection rates of the boundary
and buffer layers could be a significant source of error
in the method we have used here.

Prediction of entrainment rates via the mixed-layer
gradient method relies on LES parameterizations with-
out bidirectional entrainment, so we have no basis for
knowing from LES whether it has any appreciable im-
pact on the formulations. However, as illustrated in
Figure 22, the tesulting entrainment velocities are con-
sistent with the budget and tracer methods for the two
sampling times for which sufficient DMS concentration
differences were available. Furthermore, the turbulence
measurements indicate that the entrainment processes,
especially wl™?2 in clear air, are likely to be dominated
by sparsely distributed episodic events involving rela-
tively small-scale eddies. Once the fluid is entrained
into the boundary layer, eddies that extend through-
out the boundary layer mix the entrained air down-
ward. This feature suggests that the two entrainment
processes are likely to be nearly independent (as sug-
gested by Turner [1968], and thus that the top-down
formulation may still be applicable in the bidirectional
case. It would be desirable to confirm this, as well as
other aspects of bidirectional entrainment with further
LES experiments.

From equation (8), the net entrainment velocities w
estimated from measurements of virtual potential tem-
perature, ozone, and humidity fluxes are positive and of
smaller magnitude than indicated by the aerosol, DMS,
and divergence data in Figure 20. However, the magni-
tude of the estimates from the three flux methods are
relatively consistent, varying between about 0 and 0.01
ms~!. The probable causes for this discrepancy are (1)
the measurement errors inherent in estimating fluxes at
the interface through extrapolation of fluxes measured
at lower levels to the interface, (2) the small magni-
tude and consequent large relative uncertainty associ-
ated with the estimates of the jump in concentrations
across interface A, and (3) the assumption of a discon-
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tinuous jump. As illustrated in the soundings in Figures
3, 4, and 5, the concentration gradient is neither steep
nor distinct, and the magnitude of the concentration
change is small relative to the measurement precision.
Therefore we do not have high confidence in the results.

The estimates from the flux method for w2 show sim-
ilar disagreement, likely for the same reasons. In addi-
tion, the flux method has another problem: the inter-
mittency of the turbulence in the buffer layer. The val-
ues obtained by the flux method are again much smaller
in magnitude than calculated from the divergence and
the budget methods. In view of the rapid increase of hp
with time toward the end of the observation period, the
flux method estimates are not credible. Thus, for this
case, we conclude that the flux method is not useful for
evaluating entrainment, while the budget (aerosol and
DMS), top-down, bottom-up, and divergence methods
provided consistent estimates and appear to be reliable.
In addition, the budget method has provided a unique
way to evaluate bidirectional entrainment velocities. By
using this technique, we have evidence for the first time
of turbulent entrainment in two directions across an in-
terface at the top of the boundary layer.
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